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Abstract

A research investigation of a new, fixed-
geometry, hydrogen-burning scramjet engine concept,
designed for total airframe integration, is current-
1y in progress at NASA's Langley Research Center.
Two heavily instrumented engine models incorporate
inlet and combustor designs developed previously in
component tests. Initial tests of these subscale
engine models are being conducted in ground facil-
ities at conditions simulating flight at Mach num-
bers 4 and 7. The scramjet test results which are
presented include inlet performance, ignition/
reaction aids, inlet-combustor interactions, and
engine performance in terms of thrust balance meas-
urements and internal pressure and heating rate
distributions. The relationship of these results
to fliaght engine performance is discussed.
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Mach number 2
static pressure. kN/m 5
airstream stagnation pressure, MN/m
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airstream dynamic pressure, kN/m2
wall heating rate, MW/mé

static temperature, K

airstream stagnation temperature, K

X A0 WUV =E =
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distance from scramjet sidewall leading
edge (fig. 10), cm

y distance from scramjet top surface
(fig. 10), cm

AF difference in measured force bhetween fuel
on and fuel off, N

¢ fuel equivalence ratio - ratio of fuel
flow rate to stoichiometric flow rate

e combustion efficiency

Subscripts

adjusted adjusted to account for unburned fuel

corr corrected to Tt = 890K and a, = 47.88
kN/m?2

inj injected

N injected normal to airstream at struts

reac reacted or burned

t total

1 upstream of inlet

o upstream of aircraft bow shock
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Introduction

At Mach numbers above 6, engine cycle studies
have shown that the hydrogen-burning supersonic
combustion ramjet (scramjet) has unique performance
advantages over other airbreathing engines.' In
particular, the airframe-integrated scramjet now
undergoing extensive research at NASA's Langley
Research Center has the potential for high thrust
and efficienc% with low drag, weight, and cooling
requirements.2s3

In the airframe-integrated approach, several
scramjet modules would be placed side-by-side on
the airframe undersurface such that the vehicle
forebody provides a compression surface for the
engine airflow and the vehicle aft section provides
part of the nozzle expansion surface (fig. 1). The
side-by-side grouping of the modules provides an
engine inlet capable of capturing a large portion of
the flow compressed by the aircraft bow shock.
Another advantage of the modular arrangement is that
a single module is of a size and shape more suited
to testing in ground facilities.

The fixed-geometry inlet of the scramjet has
48° swept surfaces and a cutback cowl (fig. 2) which
permits increased flow spillage and inlet starting
at Tow flight Mach numbers. Inlet compression is
provided by the sidewalls in the horizontal direc-
tion as opposed to that provided by the aircraft
forebody in the vertical direction. The inlet com-
pression process is completed by three 48° swept
struts (fig. 2) which results in a shorter inlet.
Previous inTet component tests™, in conventional
ground facilities at simulated flight Mach numbers
from 3 to 7, have demonstrated performance rivaling
variable geometry inlets {(fig. 3).

The three swept struts are also used for multi-
plane, instream fuel injection which permits a
shorter combustor because of faster fuel-air mix-
1'ng.2 Extensive direct-connect tests of the scram-
jet fuel injector-combustor concept have been
performed®-/ and tests continue in an effort to
refine the concept. Combustor heat release is con-
trolled by modulation of perpendicular and parallel
fuel injection from the struts.® At high fltight
Mach numbers (M_ > 7), most of the fuel would be
injected normal to the airstream to achieve rapid
mixing and burning; however, at lower Mach numbers
(M <« 5), most of the fuel would be injected paral-
Tel to the airstream to prevent excessively rapid
mixing and burning which could thermally choke the
engine.

The major portion of the scramjet nozzle is a
half nozzle formed by the aircraft aft end (fig. 1).
Calculations indicate that the nozzle area ratio
Drovideg by the aircraft increases thrust signifi-
cantl:. The nozzle flow is supersonic throughout
and is complicated by nonuniform entrance flow, by
multi-component reacting species, by internal shock
and viscous effects, by interactions at the nozzle
exit between adjacent module wakes, and by inter-
actions vith flow <pilled from the engine inlet.



The nozzle is being studied ana]ytica]]y9 and exper-
imental tests incliude simu}gtion of the nozzle flow
with gases other than air.

Using results from the component tests and
from theoretical guidelines, two hydrogen-burning,
component-integration models of the airframe-
integrated scramjet have been designed and fabri-
cated. These models include the complete module
inlet and combustor but only the initial part of
the nozzle, i.e., nozzle exit area is approximately
equal to the inlet area.

The purpose of the engine model test program
is to perform research on the airframe-integrated
scramjet concept as opposed to demonstration tests
of a developed engine. This research is underway
with tests of the inlet-combustor module in ground
facilities at simulated flight Mach numbers of 4 and
7. These test Mach numbers were chosen because they
provide data representative of engine operation over
a broader Mach number range. For instance, at Mach
4, most of the fuel is injected parallel to the air-
flow, but at Mach 7 (and above) most of the fuel is
injected perpendicular to the airflow. In addition,
at Mach 4, inlet spillage is Targe (= 34%) while at
Mach 7, inlet spillage is small (= 6%).

Several problems related to facility limita-
tions may be anticipated in these tests which would
not necessarily be experienced in flight., For
instance, facility power requirements (especially
at Mach 7) Timit both the scale of the model that
can be tested and the flight altitude that can be
simulated. These limitations can lead to ignition
and reaction problems because of short residence
times in subscale models and long ignition and
reaction times at high simulated altitudes.

The possibility of interaction problems between
the inlet and combustor may also be anticipated when
these two components are integrated for the first
time. The engine model tests will provide informa-
tion to guide further component tests to improve
inlet and combustor design. The test program is
planned to continue through several engine genera-
tions as component interactions are eliminated and
the inlet, combustor, and fuel injector concepts are
refined to optimize scramjet performance.

This paper is a status report on the research
investigation of the airframe-integrated scramjet.
After a description of the scramjet models and the
test facilities, the test program is discussed from
its inception including inlet performance, tech-
niques to enhance ignition and reaction, inlet-
combustor interactions, and scramjet performance for
various fuel equivalence ratios.

Apparatus

Models

Two scramjet engine models have been used in
the Mach 4 and 7 tests. Both have rectangular fron-
tal areas 20,32 cm high by 16.26 cm wide and their
lengths are 142.2 cm and 151.1 cm, respectively.

The engine which has been tested at simulated Mach
7 flight conditions is constructed of copper and is
primarily heat-sink cooled with water cooling only
in high heat flux areas such as leading edges.

The engine which has been tested at simulated Mach
4 flight conditions is constructed from Nickel 200
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and is a heat-sink engine with no active cooling.
Both enaines are heavily instrumented to measure
internal wall static pressures, temperatures, and
heating rates (copper engine only). External
instrumentation consists of pressures measured on
forward-facing surfaces and on the base of the
engine. In addition, both models are mounted in the
test facilities on one-component force balances to
measure thrust and drag. A photograph of the copper
enaine with the external cover plates removed, expos-
ing the instrumentation leads and cooling lines, 1is
shown in figure 4 and the nickel engine is shown in
figure 5.

Both engines are designed as research models to
allow substitution of components which vary in in-
ternal shape. For instance, the inlet, combustor,
nozzle, and fuel injection struts can each be
replaced without affecting the other components.
Thus, the models can serve as test beds for various
component designs without having to build a com-
pletely new model.

The inlet designs of the two engines are quite
similar except that the nickel engine employs a
"drooped" internal cowl surface to relieve the
amount of local flow compression in the cowl region.
This is most important at Mach numbers below 5.
Internal area distributions aft of the inlet are
somewhat different with the nickel engine incorpo-
rating an updated combustor design. A comparison
of the internal geometries of the two engines is
shown in figure 6. The combustor expansion begins
earlier in the nickel engine with less expansion
occurring on the sidewalls and less compression on
the top surface.

Test Facilities

The facilities used for Mach 4 and 7 scramjet
tests are shown in the photographs in figures 7 and
8, respectively, and a schematic of the Mach 7 test
arrangement is shown in figure 9 (Mach 4 arrangement
is similar). The Mach 4 facility is located at the
General Applied Science Laboratories (GASL) in
Westbury, N.Y., and the Mach 7 Scramjet Test Facil-
ity is located at NASA's Langley Research Center,
Both facilities incorporate several features essen-
tial to airframe-inteqrated scramjet tests.

First, the enthalpy levels of Mach 4 (T, = 890K)
and Mach 7 (T, = 2220K) flight are duplicated in the
facilities. $his is accomplished in the Mach 4
facility by hydrogen-air combustion with oxygen
replenishment to replace that used in heating the
test stream. Therefore, the test stream contains
water vapor as well as nitrogen and oxygen. As will
be explained Tater, the Mach 4 facility was operated
at total enthalpies above the Mach 4 enthalpy level
for some of the tests reported here. Mach 7 enthal-
py is achieved by heating the air with a 10 megawatt
d.c. electric arc.

Second, the facilities simulate the bow shock
precompression that would occur in flight prior to
the air entering the engine. The forebody pre-
compression is simulated by expanding the Mach 4
and 7 energy flows to only 3.4 and 6, respectively,
at the exits of the facility contoured nozzles.
However, the engine nozzle expansion area provided
by the aft section of the aircraft, which accounts
for 30 to 50 percent of the net thrust, is not sim-
ulated in the tests.
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Third, the models can be mounted in the facil-
ity test sections so that a portion of the facility
nozzle top surface boundary layer is ingested by
the scramjet {fig. 9). This partially simulates
the ingestion of the aircraft undersurface boundary
layer by a flight engine.

Fourth, the installed thrust/drag of the scram-
jet engine models is measured by the force balances.
The measured drag is actually somewhat high relative
to that expected in flight since only one module is
involved and drag from two external sidewalls is
inciuded. In flight, a grouping of several modules
would only have two external sidewalls.

The Mach 4 facility stagnation pressure ranged
from 0,38 MN/m2 to 0.70 MN/m¢. This simulated
flight altitudes from 21,000 to 25,000 m, i.e.,
flight dynamic pressures from 52.7 to 28.5 kN/mZ
which covers the engine design flight dynamic pres-
sure, 47.9 kN/m2. The Mach 7 facility stagnation
pressure was 3.04 MN/mZ, Due to present facility
power limitations, the engine tests simulated only
40 percent (19.2 kN/m2 or 35,350 m altitude) of the
engine design flight dynamic pressure. A more de-
tailed description of the Mach 7 facility can be
found in reference 12,

Mach 7 Scramjet Tests

Ninety tests have been conducted on the scram-
jet in the Mach 7 facility between April 1977 and
February 1979. Early tests without fuel injection
were used to verify that the inlet started and that
performance was the same as in previous component
tests.!3 The verification is shown in figure 10 by
the excellent agreement between data from the engine
tests and data from the inlet component tests. Data
are in close agreement with theoretical estimates!
of inlet pressures except near the cowl where a
shock is generated by downflow from the swept iniet
shocks.

Early in the test series, a facility-model
interaction was observed. During this interaction,
which was caused by combustion of the hydrogen fuel,
the test cabin pressure around the model increased.
This generated shock waves from the facility nozzle
which impinged on forward-facing surfaces of the
engine, causing increased drag and, at high fuel
flows, often resulted in inlet unstarts. This pro-
blem was solved by facility and test procedure
modifications.

The remainder of the tests have been concerned
with techniques to achieve ignition and sustain
reaction, to eliminate inlet-combustor interactions,
and to increase engine performance. In the Mach 7
tests reported here, only hydrogen fuel injection
from the struts perpendicular to the airflow was
employed. Fuel temperature varied from 430-640K
(as a function of fuel flow rate) due to aerodynamic
heating of the struts,

Ignition/Reaction Aids

Difficulty in achieving ignition and sustaining
reaction was encountered immediately in the Mach 7
tests. As mentioned in the Introduction, factors
contributing to ignition delay are the small engine
scale and low combustor entrance pressure level due
to higher altitude flight simulation than that for

349

which the engine was designed (at combustor en-
trance: p = 29.2 kN/m2; T = 860K), Internal
engine geometry can also be a factor by failing to
maintain pressure levels high enough to sustain
reaction. Low fuel temperature and Tow engine wall
temperatures also act to aggravate ignition and
reaction problems in the heat-sink engine relative
to a regeneratively cooled flight engine.

Several simple techniques were employed in an
attempt to achieve ignition and sustain reaction.
These techniques are not necessarily suitable for a
flight engine, but were used in the research model
simply as quick and easy means to ignite and burn
the fuel so that the test program could proceed to
explore other potential problem areas in the air-
frame-integrated scramjet concept.

One ignition technique involved adding attach-
ments to the center strut aft end to decrease flow
expansions just downstream of fuel injection and
thereby increase static pressure and temperature in
this region. These attachments also increased the
scale of the strut base region. Two such attach-
ments were used and are labeled "center strut
modifications 1 and 2" in figure 11. In conjunction
with this ignition technique, a method designed to
sustain reaction in the combustor consisted of in-
jecting a small quantity of air or nitrogen (about
7.5% of the air captured by the inlet) about one-
third of the combustor length downstream from the
entrance (fig. 11). The gas was injected in an
upstream direction from orifices in tubes located on
both sidewalls. The idea was to use the gas injec-
tion to decrease the 12.4° sidewall expansion in
this region, i.e., the technique simulated a geometry
change in the combustor. With this ignition/reaction
enhancement scheme, the first evidence of heat re-
lease in the combustor varied in location as a func-
tion of the amount of fuel injected.

Ignition was also achieved by adding zirconium
oxide rods to center strut modification 1 to act as
ignitor/flameholders (fig. 12), These rods protrud-
ed approximately one-third of the distance to the
side strut. Movies confirmed ignition in the region
of the rods. With this ignitor, reaction was sus-
tained by a combustor geometry modification. Side-
wall plates were added internally in the combustor
to create a constant area section 15.2 c¢cm long at
the combustor entrance as shown in figure 12. This
constant area section decreased flow expansions just
downstream of the struts and maintained a higher
pressure level to avoid quenching the reaction.

Because of the ignition problems, component
research is now underway to explore different and
more useful ignition aids. Also, additional Mach
7 tests at pressures up to two and one-half times
those of the present tests will be underway shortly.
These test conditions will approximate the design
flight dynamic pressure of the engine and ignition/
reaction problems should be greatly diminished.

Inlet-Combustor Interactions

Burning in the scramjet was often accompanied
by varying degrees of inlet-combustor interaction
ranging from an increase in inlet pressures near
the cowl (with some increased flow spillage) to
complete inlet unstarts. The onset of interaction
was a function of combustor geometry, the amount of
fuel burned, and the amount of facility nozzle top



surface boundary layer ingested by the engine.

To reduce the amount of boundary layer ingest-
ed, the model was dropped 2.54 cm into the flow.
This change reduced the interaction problem and a
higher fuel equivalence ratio could be injected and
burned before interaction occurred. A force balance
data trace showing such a test with fuel equivalence
ratios of 0.5 and 1.0 is’'shown in figure 13. Local
interaction occurred near the cowl at both fuel
equivalence ratios. Stoichiometric fuel injection
was achieved for a short period of time (approxi-
mately 1/2 sec.) but with increased flow spillage
in the cowl region and with eventual inlet unstart
(probably associated with increasing wall tempera-
ture with time). Note that the total drag of the
module is just overcome with stoichiometric fuel
injection; however, the fuel-off drag was high be-
cause of the zirconium oxide rod ignitors used and
because of high external drag with the engine
dropped into the flow (part of the external top
surface was contributing to the drag).

With the geometry modifications required for
ignition, the inlet-combustor interaction problem
persists at reacted fuel equivalence ratios above
approximately 0.3. Several approaches are being
evaluated to control this adverse inlet-combustor
interaction. They include inlet-combustor isolation
steps, fuel injector modifications, and various
splits between perpendicular and parallel fuel in-
jection.

Tests of the inlet are also underway in a con-
ventional wind tunnel where combustion is simulated
by air injection to further define the cause of the
inlet-combustor interaction and to find a solution.
It should be noted that the ignition/reaction and
inlet-combustor interaction problems are not neces-
sarily independent problems in that the changes
necessary for ignition and reaction at low pressure
may make the inlet more sensitive to combustor
pressure rise,

Engine Performance

Typical internal sidewall pressure and heat
transfer rate distributions with and without hydro-
gen combustion are shown in figure 14, Center
strut modification 2 was used to achieve ignition
and nitrogen injection was used to sustain the
burning. The pressure data, obtained near the
engine midheight line with stoichiometric fuel
injection, show little effect of combustion up-
stream of the fuel injection line (data nearer the
cowl dd show an upstream effect). The large in-
creases in pressures and heating rates in the com-
bustor are evidence of hydrogen combustion.

Engine performance from these initial tests is
shown in figure 15 as a function of the injected
fuel equivalence ratio. The figure of merit for
engine performance used here is AF, i.e., the force
balance measurement with fuel injection minus the
force balance measurement with no fuel injection.
AF indicates internal performance, but gives no
indication of the magnitude of internal drag. The
one-dimensional theory curve shown on the figure
represents the maximum expected performance for the
engine with ignitors and modified combustor geome-
try and with all perpendicular fuel injection,
mixina-controlled reaction and 100 percent combus-
tion efficiency. Onen symbols are data obtained
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using the strut aft end modifications to achieve
ignition and the nitrogen injection technique to
sustain reaction; shaded symbols are data obtained
using zirconium-oxide rods as ignitor/flameholders
and the combustor geometry change to sustain reac-
tion.

Dashed line fairings have been placed through
the open-symbol data where strut modifications and
the nitrogen injection technique were used to aid
ignition and sustain reaction, The right-hand sin-
gle point (with dashed 1ine) is data taken with no
strut modification, The next dashed Tine fairs data
taken using modification 1 to the center strut aft
end to eliminate expansions upstream of the base,
The upper dashed line fairs data taken with modifi~
cation 2 (fig. 11) which is designed to further in-
crease compression after fuel injection. The higher
compression apparently causes earlier ignition and,
consequently, higher combustion efficiency., The
data indicate that the highest performance in terms
of increased AF is obtained with strut modification
2 and the nitrogen injection technique or with the
zirconium-oxide rods and the combustor sidewall mod-
ification., Near ¢jnj = 0.5, the fuel injection
struts coated with zirconium oxide (to increase sur-
face temperature) appear to enhance burning relative
to the uncoated struts. However, performance is
still well below the theoretical estimates for com-
plete combustion, and at the higher fuel flows, data
with significant burning (upper dashed curve) are
obtained with some increased inlet spillage (as in-
dicated by increased pressures on the external cowl
surface).

The difference between the data and theory is
Tikely due to the combined effects of Tow combustion
efficiency, inlet-combustor interaction, and long
ignition delay. In an effort to resolve these dif-
ferences, estimates of combustion efficiency, ng,
were made for the data in figure 15 with the excep-
tjon of that obtained with the zirconium rods and
the combustor qeometry modification, This modifi-
cation eliminated some heat flux measurements essen-
tial to a determination of combustion efficiency.,
The estimates of n. were obtained from an engine
performance computer program which integrates heat-
ing rates in the combustor and calculates combustion
efficiency_from a correlation by Orth, Billig, and
Grenleski,

When the data from figure 15 are replotted with
AF as a function of the estimated reacted fuel equiv-
alence ratio, i.e., dreac = N¢ ¢inj. the data cor-
relation is quite good {fig, 16). "However, at the
Jower values of ¢yeac, the measured AF's are signi-
ficantly below theory. Inspection of internal heat-
ing rate distributions (fig, 17) indicated that one
reason for this could be longer ignition delay
lengths, Ly, at the tower fuel equivalence ratios.
Therefore, theoretical estimates were made of the
expected AF using the following assumptions: fuel-
air mixing corresponding to perpendicular fuel in-
jection,® combustion efficiency as determined from
measured heating rates,'% and ignition point as in-
dicated by the Tocation where the measured wall
heating rate shows an increase above the value with
no fuel injection as shown in figure 17, The re-
sults of the theoretical estimates are shown by the
dashed 1line in figure 16, The trend of the theoret-
jcal estimate is very similar to that of the data
Jending support to the hypothesis that the poor
performance at Tow ¢na5c could be caused by igni-
tion delay,
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It is also noted in figure 16 that the estimat-
ed ¢peac does not exceed 0.5. Although some
spillage was occurring at this Tevel of reacted
fuel equivalence ratio (with a possible effect on
the estimated combustion efficiency), the implica-
tion is that only about one-half of stoichiometric
burning has been achieved. Research is underway to
define the cause of this problem since the airframe-
integrated scramjet must operate at reacted fuel
equivalence ratios near one in flight.

Therefore, the challenge in the airframe-inte-
grated scramjet research program is to achieve
ignition and obtain higher combustion efficiency
without inlet-component interaction at fuel flow
rates near stoichiometric values. It is also nec-
essary to have a configuration that is compatible
with engine operation at lower Mach numbers.

Mach 4 Scramjet Tests

Near Mach 4 the present scramjet concept was
expected to be more susceptible to inlet-combustor
interaction problems. The inlet sweep (48°), com-
bined with the inlet Mach number of 3.4 (which
simulates the flow field on the underside of the
vehicle forebody), results in detached shock waves
around the inlet struts. Because of the associated
relatively low Mach number at the inlet throat, in-
Tet interaction resulting from the combustor pres-
sure rise was expected. Also, one-dimensional
theoretical calculations indicated the probability
of thermal choking in the combustor downstream of
the struts for supersonic combustion at levels of
¢peac above about 0.4 to 0.6. Raising the total
temperature in these calculations above Mach 4
simulation (890K) raises the ¢ level at which
thermal choking occurs.

For the above reasons, the Mach 4 test condi-
tion was selected as a particularly important one
in the present research program. Over seventy
tests at Mach 4 have been made during 1978. The
inlet wall static pressure distributions with both
cold and hot tunnel flow at about the same Reynolds
number were first checked with those from reference
4 to verify proper operation of the inlet. In the
first series of tests, a facility-model (combustion)
interaction wes experienced which was similar to
the interaction encountered in the Mach 7 tests,
but it was eliminated by installation of a tunnel
diffuser.15 The sensitivity of the inlet to com-
bustor pressure rise (inlet-combustor interaction)
was expected to be worse with the top wall tunnel
boundary layer entering the scramjet model. The
Mach 7 tests had already yielded results indicating
that this was true,

The remainder of the tests have been concerned
with techniques to eliminate inlet-combustor inter-
action and to increase enaine performance. The
hydrogen fuel injection was split between the per-
vendicular and parallel modes with a maximum of
25% of the total being injected perpendicular to
the airflow. Hydrogen entered the fuel injection
struts at ambient temperature.

Ignition Aid

At Mach 4 enthalpy level, the air static
temperature (T = 550K, p ~ 101 kN/mé) in the scram-
jet at the point of fuel injection is not high
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enough for autoignition to occur within a reasonable
length. Therefore, an ignitor will be required for
flight application and an effort is underway to
develop such an ignitor. For the preliminary ground
tests, it was decided to use a surge in the stream
total temperature during the initial part of the
test to provide ignition.

In order to achieve a high stream total temper-
ature (1390K) at the beginning of a test for hydro-
gen ignition and a Tower stream total temperature
for the test condition, extra hydrogen is initially
added in the facility heater (along with normal air,
H>, and 02 flow rates). After the scramjet ignition
is established, the extra hydrogen flow is cut off
and the Tower stream total temperature of the test
condition is established along with the proper 0p
simulation of air. Additional reduction in total
temperature has been achieved by simply increasing
the heater air flow rate above the initial set
condition.

The use of initially high stream total temper-
ature, followed by a reduction in this temperature
to achieve a steady-state run condition involves
transients in stream total pressure, air flow rate,
and fuel equivalence ratio. A typical variation
with time of measured engine force, fuel equivalence
ratio, and stream total temperature and pressure is
shown in figure 18. The engine fuel was brought to
a constant Tevel of mass flow and held steady. The
indicated changes in equivalence ratio occur because
of the changes in air flow rate (caused by the
changes in stream total pressure and temperature).
The desired steady-state test condition was achieved
in the latter part of the test.

Inlet-Combustor Interaction

As expected, and as experienced at Mach 7,
inlet-combustion interaction occurred during the
early Mach 4 testing. Lowering the scramjet engine
model 2.54 cm down into the flow resulted in less
inlet-combustor interaction problems and permitted
an increase in fuel equivalence ratio before inter-
action occurred. In general the occurrence of
interaction was worse for equivalence ratios greater
than 0.5, but as predicted, increased stream total
temperatures resulted in less interaction. As
shown in figure 18, interaction often occurred when
the stream total temperature was being reduced from
the ignition level to the nominal run condition.

Efforts were made to resolve the interaction
in the strut region by moving the fuel injection
away from the top, cowl, and sidewalls and by
installing rearward facing steps in the walls ahead
of the normal fuel injection station. These efforts
seemed to have had small favorable effects but did
not eliminate the interaction problem.

The Mach 4 scramjet engine model is currently
being altered for future tests. Fuel will be in-
jected from the walls at a station near the down-
stream end of the combustor to avoid thermal choking
at high fuel equivalence ratios. The engine would
then operate in a mixed combustion mode where part
of the fuel would be burned supersonically in the
first part of the combustor and the remainder of the
fuel would be burned subsonically further down-
stream., This dual mode combustion should allow
achievement of high performance at Mach numbers Tess
than about 5.



Engine Performance

Most of the tests conducted to date in the
Mach 4 test series have been at stream total
temperatures above the Mach 4 flight simulation
value. In order to show a comparison with theory
and to present all the data at the same test con-
ditions, the force data (AF is the change in meas-
ured force from fuel on to fuel off) was corrected
to the Mach 4 total temperature, 890K, and a
dynamic pressure of 47.88 kN/m2, The correction
for dynamic pressure, which assumes that the thrust
coefficient at a given fuel equivalence ratio is
constant over the range of pressures tested, was
made by using the ratio of the nominal stream total
pressure (0.634 MN for q_ = 47.88 kN/m2) to the
actual stream total pressure. A correction also
was made for stream total temperature by multipiy-
ing &aF ea by the square root of the ratio of the
measure s%ream total temperature to the nominal
M = 4 stream total temperature (890K). This assumes
that the specific impulse is constant and necessar-
ily is a more arbitrary correction than the correc-
tion for dynamic pressure.

The corrected force data are plotted as a func~
tion of injected fuel equivalence ratio in figure 19
and are compared with theoretical performance pre-
dictions for ne = 100 percent at the nominal test

condition (Mo = 4, Qo = 47,88 kN/m?, T+ = 890K). For

the curve shown, 1t was assumed that a fuel equiva-
lence ratio, ¢yn» Of 0. 05 was injected normal to the
flow at the struts and the remainder was injected
from the rear of the struts paraliel to the flow.
Although increasing the percentage of fuel injected
normal to the flow at the struts up to by of about
0.2 increases the thrust (AF) for ¢4 vaHues up to
about 0.5, almost no difference is noted above ¢
0.5 where the mixed combustion mode (partial burn1ng
supersonically, remainder subsonically) is used for
the theoretical calculations., To simplify this pre-

sentation only the predicted AF values for ¢pn = 0.05
are shown, but the therma] choking 1imits in ¢ are
shown for both ¢y = 0.05 and ¢y = O, 195, The Mach
4 experimental data indicate a 1imit in ¢4 which

strongly suggests thermal choking, but it 7s noted
that this occurred at generally higher stream total
temperatures than the nominal Mach 4 value (890K)
used for the theory, A few data points agree very
well with predictions at ¢ levels up to 0.4,
Another obvious factor is tha% there is a second
group of data which can be represented by a Tine
faired parallel to the theoretical curve, A review
of the fuel injection schedule indicated that for
nearly all of the higher equivalence ratio data, the
extra fuel was injected parallel to the test stream
from the rear of the side struts, It is possible
that the side strut fuel is not igniting until fur-
ther downstream when the combustion in the center of
the stream mixes out to reach the side strut fuel
(and air), Making the arbitrary assumption that
only a part of this parallel fuel from the side
struts burned, one data point was selected and a
factor found which would move the data point to the
theoretical curve, This adjustment factor assumes
only one-third of the side strut parallel fuel burns
but also simultaneously would assume 100 percent
combustion for all other fuel,

Using this assumed factor, all of the data were
adjusted and replotted as shown on figure 20, but
the change in force, AF.gpp, 7S now plotted as a
function of adjusted equivalence ratio similar to
the ¢ reacted data shown for Mach 7. Figure 20

352

shows that the data now are in good agreement with
the theoretical prediction. The exact value of the
adjustment factor is not important to the conclusion
that the parallel fuel from the side struts is not
burning completely. Review of the adjustment of
other data points further supports the above con-
clusion, but the reason for the incomplete combus-
tion is not yet obvious from the data analysis.
However, it is concluded that the engine has per-
formed well in some tests, that the remaining prob-
lems are defined, and that with further research,
the desired performance will be achieved at Mach 4.

Relationship Between Subscale and Flight Engine
Performance

Ny

Tests of single, subscale modules of the
airframe-integrated scramjet can only partially
simulate the installed performance that would be
expected in flight. A single module has two exter-
nal sidewalls which create drag while a group of
several modules in the flight case would have only
two external sidewalls. Therefore, the flight
engine external drag would be less. An even greater
effect is the larger nozzle area of the flight
engines. The subscale model has a nozzle exit area
equal to geometric capture area while a flight
engine, with the aircraft aft end as part of the
nozzle, would have a nozzle exit-to-inlet capture
ratio on the order of 3.5. Therefore, a projection
of the test results to a flight application is con-
sidered informative and is shown in figures 21 and s
22.
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For the test results, the most readily deter- (
mined and accurate performance parameter is AF,

i.e., the change in measured engine force with and
without fuel injection. Using this force change
in coefficient terms, C,f, predictions were made
for fuel equivalence ratios of 0.4 and 1.0 (with
100 percent combustion efficiency) using a one-
dimensional theoryl6 which accounts for forebody
precompression, internal heat losses, and a nozzie
exit-to-capture area ratio of oné., With ¢ =

the theory indicates that a mixed mode of combus-
tion (supersonic-subsonic) is required to avoid
thermal choking for Mach numbers below 5, There~
fore, the ¢ = 1.0 curve assumes a dual mode of
combustion for Tow Mach numbers, For ¢ = 0.4,
the mode of combustion is supersonic over the en- #
tire Mach number range,

oy ey H

It is important to note the limitations of the i
one-dimensional theoretical predictions in defining '
the scramjet internal performance. The application
of experimentally determined heat release data is
less certain because of small differences in inter-
nal geometry and scale, changes in combustion mode, 4
fuel temperature, wall temperature, etc. Based on
a relatively large number of calculations, the un-
certainty in the one-dimensional theory values of
performance shown in this paper is about plus or
minus 10 percent.

In figure 21, experimental data obtained at
Mach 4 and 7 (Mach.4 data corrected for stream ?
total temperature) with ¢ini = 0.4 are compared ‘
with the one- dimensiona] thedry. Data agreement
with theory at 45, nj = = 0.4 1is quite goaod at Mach !
4 which implies near 100 percent combustion effici-
ency. At Mach 7, and ¢4pj = 0.4, the comparison
with theory reflects the 1ower combustion efficiency
discussed earlier in the paper. This is further em-
phasized by the second data point at Mach 7 with
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Pregc.= 0-4 (combustion efficiency derived experi-
men%a]]y) which is in good agreement with the theory.
The ¢ = 1.0 theoretical curve for ground tests

shown in figure 21 remains as the goal to be reach-
ed in terms of AF.

For ground tests, one-dimensional theoretical
predictions of the scramjet internal performance
can be made by using the best available input to
allow for the mixing, ignition heat release, and
heat balance effects.]® Engine interactions, such
as thermal choking, can also be anticipated. In
relating the theoretical prediction at ¢ = 1.0 for
ground tests (fig. 21) to flight engine net install-
ed thrust performance (fig. 22), proper accounting
must be made for an installation of about six flight
engines with appropriate internal and external drag,
heat transfer differences (regenerative cooling for
flight), forebody angle relative to the flight path,
forebody boundary layer, and larger fliaght engine
nozzle areas (nozzle exit-to-inlet capture area
ratio of 3.5 compared to a ratio of 1 for the ground
tests). The curve in figure 22 represents the pre-
dicted flight performance for the installed scramjet
at ¢ = 1.0. Below Mach 5, it is assumed that a
mixed mode of combustion will be required with only
a relatively small amount of fuel burned subsoni-
cally at Mach 5 and on the order of ¢ = 0.6 burned
subsonically at Mach 4. With the level of installed
flight performance indicated in figure 22, it has
been shown in reference 17 that an aircraft can be
designed with an integrated scramjet to cruise
efficiently at hypersonic speeds.

Concluding Remarks

A preliminary airframe-integrated scramjet
research program was conducted at test conditions
simulating Mach 4 and 7 flight. These conditions
were selected because of the differences in the way
the hydrogen fuel is injected and in the differences
in air flow captured. Problems of ignition and
inlet-combustor interaction were predicted which
needed experimental definition. A prime research
objective of the Mach 4 and 7 tests was to achieve
the highest possible conbustion efficiency by vary-
ing the fuel injection scheme and by modifying the
engine internal geometry,

Considerable progress has been made in under-
standing and solving the predicted ignition/reaction
and inlet-combustor interaction problems. Simple
techniques for achieving ignition durina the ground
test programs at both Mach 4 and 7 were shown to be
feasible. Incomplete reaction of the fuel at Mach
4 ha's been traced to the poor combustion of fuel
injected parallel to the flow from the side struts.
At Mach 7, the ignition/reaction problems can be
associated with the present high altitude simulation
of the facility. The inlet-combustor interaction
problems at both Mach numbers were shown to be
partially the result of tunnel top wall boundary
laver ingestion, which is necessary for proper
simulation of the airframe-integrated concept.

When the scramjet models were positioned outside the
tunnel boundary layer, a larger fuel equivalence
ratio could be reached before inlet-combustor inter-
action occurred. At Mach 4, thermal choking of the
combustor was evident (for ¢reac > 0.4 to 0.6) as

a second type of inlet-combustor interaction.

St. ichiometric burning at this Mach number will
require either a combustor geometry change or in-
jection of a portion of the fuel in the downstream

(V9]

(98]

end of the combustor.

The research program has defined the problems
which were predicted by analysis. Since most of
these problems are interactive, their resolution is
not direct. Separate programs have been initiated
or are continuing in ignitor/ignition research,
inlet-combustor interaction research, and scramjet
configuration-related supersonic combustor research.
Secondly, the Mach 4 and 7 scramjet test programs
are continuing with revised fuel injection schemes,
geometric changes, and more favorable test condi-
tions (at Mach 7). Beyond this, research plans
call for revised engine designs and further testing.

Within the Timitations of facilities and the
scramjet models used in the preliminary tests,
scramjet engine performance data have been obtained
whtich agree well with theoretical predictions at
reacted fuel equivalence ratios up to 0.5. With
this as a beginning, it is expected that the pre-
dicted performance can be achieved at higher fuel
equivalence ratios, when the problems described
above are resolved. With this accomplished, the
fixed-geometry, airframe-integrated scramjet will
provide efficient airbreathing propulsion at Mach
numbers above 4.
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